Residue G -1 and discriminator base C73 are the major histidine identity elements in prokaryotes. Here we evaluate the importance of these two nucleotides in yeast histidine aminoacylation identity. Deletion of G 1 in yeast tRNAHIS transcript leads to a drastic loss of histidylation specificity (about 500-fold). Mutation of discriminator base A73, common to all yeast tRNAHIs species, into G73 has a more moderate but still significant effect with a 22-fold decrease in histidylation specificity. Changes at position 36 in the anticodon loop has negligible effect on histidylation. The role of residues -1 and 73 for specific aminoacylation by yeast HisRS was further investigated by studying the histidylation capacities of seven minihelices derived from the Turnip Yellow Mosaic Virus tRNA-like structure. Changes in the nature of nucleotides -1 and 73 modulate this activity but do not suppress it. The optimal mini-substrate for HisRS presents a G -A mismatch at the position equivalent to residues G 1 *A73 in yeast tRNAHIs, confirms the importance of this structural feature in yeast histidine identity. The fact that the minisubstrates contain a pseudoknot in which position -1 is mimicked by an internal nucleotide from the pseudoknot highlights further the necessity of a stacking interaction of this position over the amino acid accepting branch of the tRNA during the aminoacylation process. Individual transplantation of G-1 or A7 into yeast tRNAAsP transcript improves the histidylation efficiency of the engineered tRNAA8P. However, a tRNAAsP transcript presenting simultaneously both residues G-1 and A73 becomes a less good substrate for HisRS, suggesting the importance of the structural context and/or the presence of antideterminants for an optimal expression of these two identity elements.
G 1 in yeast tRNAHIS transcript leads to a drastic loss of histidylation specificity (about 500-fold). Mutation of discriminator base A73, common to all yeast tRNAHIs species, into G73 has a more moderate but still significant effect with a 22-fold decrease in histidylation specificity. Changes at position 36 in the anticodon loop has negligible effect on histidylation. The role of residues -1 and 73 for specific aminoacylation by yeast HisRS was further investigated by studying the histidylation capacities of seven minihelices derived from the Turnip Yellow Mosaic Virus tRNA-like structure. Changes in the nature of nucleotides -1 and 73 modulate this activity but do not suppress it. The optimal mini-substrate for HisRS presents a G -A mismatch at the position equivalent to residues G 1 *A73 in yeast tRNAHIs, confirms the importance of this structural feature in yeast histidine identity. The fact that the minisubstrates contain a pseudoknot in which position -1 is mimicked by an internal nucleotide from the pseudoknot highlights further the necessity of a stacking interaction of this position over the amino acid accepting branch of the tRNA during the aminoacylation process. Individual transplantation
INTRODUCTION
It is at present a well accepted view that specific aminoacylation of transfer ribonucleic acids (tRNAs) is mediated by a small set of identity nucleotides that most often interact with the cognate aminoacyl-tRNA synthetase (aaRS) and, by negative signals that prevent the tRNAs to be aminoacylated by non-cognate synthetases. Major identity nucleotides are known for all Escherichia coli tRNAs and several tRNAs in the eukaryotic kingdom [reviewed in e.g. (1) (2) (3) ]. Much less is known about negative signals that have only been described explicitly in a few systems. In some cases, they have been correlated with the presence of modified nucleotides (4, 5) . Expression of these identity elements are often modulated by structural elements present within the tRNA architecture (6) (7) (8) (9) (10) . Identity nucleotides are searched in vitro by comparison of the aminoacylation capacities of wild-type and mutated tRNAs. Explicit proof of the contribution of nucleotides to identity comes from transplantation experiments in which the putative elements are inserted in a new tRNA framework with the expectation that the chimeric molecule acquires the new specificity. Optimal catalytic efficiency is obtained if no conformational or sequence context effects interfere with the expression of the specificity in the transplanted molecule.
Residues required for specifying histidylation in tRNAs have already been investigated in E. coli by both in vitro and in vivo approaches. Residue G_1, only present in tRNAHis species, and the discriminator base C73 specific for prokaryotic histidine tRNAs, have been found crucial for this identity (11, 12) . The importance of these two residues, which likely are paired, was confirmed by the capacity of a microhelix derived from the amino acid acceptor arm of E.coli tRNAHis containing base-pair G_ C73 to be histidylated, indicating also that the anticodon branch is not essential for E.coli histidyl-tRNA synthetase (HisRS) (13) . Introduction of G-1 and C73 into a microhelix derived from tRNAAla allowed its efficient histidylation, confirming the importance of this unique base-pair in histidylation identity. However, further transplantations of this element into *To whom correspondence should be addressed other microhelices showed that its expression is modulated by the sequence context of the microhelix, and particularly by the 2 71 and 3 70 base-pairs which are minor histidine determinants (14) .
Although all tRNAHiS molecules sequenced to date present a residue G_-(with one exception) (15) , the explicit involvement of this residue in histidine identity has not been proven in organisms other than E. coli. Moreover, the nature of the discriminator base in tRNAHis is different in prokaryotes and eukaryotes, so that it can be questioned about the uniqueness of histidine identity rules in living kingdoms. In this paper, we consider the case of yeast HisRS. Besides its cognate tRNA, this enzyme charges also viral tRNA-like structures (16) (17) (18) (19) (20) as well as a pseudoknot-containing minihelix recapitulating the amino acid acceptor branch ofthe Turnip Yellow Mosaic Virus (TYMV) tRNA-like structure (18) .
Here we describe the histidylation capacities of a series of RNA transcripts derived from yeast tRNAHis, yeast tRNAASP and TYMV RNA. Our data indicate that in both tRNA and tRNAlike structural frameworks, the coupling between discriminator nucleotide N73 and residue G_1, or its mimick, governs histidine identity toward the yeast enzyme.
MATERIALS AND METHODS

Materials
Yeast HisRS was an enzyme preparation enriched by chromatographies on DEAE-ceilulose, hydroxyapatite and phosphocellulose (21) . T7 RNA polymerase was prepared from an overproducing strain harbouring plasmide pB121 according to (22 and to a lesser extent of discriminator residue A73 in histidine identity in yeast. This conclusion for a eukaryotic system is reminiscent to what is found for prokaryotic tRNAHi" identity (11) , with the exception that the discriminator residue in prokaryotes (and organelles) is always a pyrimidine instead of a purine in eukaryotes (15 (18) . Such a minihelix contains a pseudoknot (Fig. 2) . The reason accounting for its histidylation was suggested to rely in the mimicry between nucleotide U22 from the pseudoknot and residue G-1 in a canonical tRNA, which makes pairing with discriminator residue A4 as well as stacking of these two residues over the amino acid accepting branch (20, 28) possible. Considering the potential of this pseudoknotted structure to mimic a N1 * N73 pair, we mutated the minihelix at both positions 22 (the analog of residue -1) and 4 (the analog of the discriminator base), to create in the tRNAlike context, the wild-type G22 * A4 mismatch of yeast tRNAHis.
In addition we created the three variants (G22 N4, named TY-G22-N4) with mutations at the discriminator position and the other three variants (N22 * A4, named TY-N22 * A4) in which the G_ l mimic is changed (Fig. 2) . From a practical point of view, it is noticeable that preparation of these variants with the T7 methodology is straightforward in contrast to what would occur in canonical tRNAs where the most 5'-residue has to be a G residue for efficient transcription by T7 RNA polymerase (29) . Muaion at positions equivalent to N_1 and N73. If the G-1 * A73 mismatched pair is a major histidine identity element in yeast, the minihelix TY-G22 * A4 shown in Figure 2 should be a better substrate for HisRS than the wild-type TY-U22 A4 minihelix, already known to be histidylable (18) . In contrast to our earlier experiments, where conditions giving rise to optimal charging of the minihelix were used, we took in the present work the same (18) . Transplantations in the aspartate context Choice of the host tRNA. To further verify the importance of residues -1 and 73 in yeast histidine identity, we transplanted residues G1-and A73 into yeast tRNAASP (Fig. 3) . The choice of this tRNA was dictated by its structural similarity with yeast tRNAHis. Indeed, this is an important prerequisite since it has been shown that conformational features modulate expression of identity sets (7) (8) (9) . Both tRNAAsP and tRNAHis possess a 4 nucleotide-long variable region, as well as a and b domains of identical length (see Figs. 1 and 3) . Thus, it is expected a priori that the overall conformation of the new host tRNA should not perturb the expression of histidine identity. Histidylation of wild-type yeast tRNAAsP transcript. As a control, wild-type tRNAAsP transcripts were investigated for histidylation. Surprisingly, these transcripts are recognized and Figure 3 . Addition of nucleotide G_- at the 5 '-terminus of tRNAAsP enhances markedly its histidylation capacity. (Tables 1 and 3) .
Thus, this variant of tRNAAsP is 70-fold less efficiently histidylated than the tRNAHis transcript, but becomes a 230-times better substrate for HisRS than the wild-type tRNAASP transcript (Table 3 ). This transplantation experiment confirms the involvement of nucleotide G1 in the identity of yeast tRNAHis.
Transplantation of histidine identity element A73 into yeast tRNAAsP enhances also its histidylation properties. This transcript is charged to a plateau level of 37% whereas the wildtype G73 tRNAAsP molecule is only charged to 13% (Table 3) .
Here also, the insertion of nucleotide G_ and a G of 5-fold after insertion of residue A73 ; in the case of additive effects, the total gain of efficiency is the product of both individual gains, in that of cooperative or anti-cooperative effects of both mutations, the total gain in efficiency is different (25, 26) ]. Surprisingly, the double mutant is only 30-times better histidylated than yeast tRNAAsP transcript. This reflects a strong anti-cooperative behaviour of the G-1 and A73 histidine identity elements in the tRNAM"P context. This anti-cooperative effect is also illustrated when comparing the strong loss of histidylation efficiency of the tRNAAsP double mutant to tRNAHiS (L = 520). A likely interpretation for the anti-cooperative properties of this tRNAAP double mutant may be a non-optimal presentation of the G I A73 histidine identity elements towards yeast HisRS in the tRNAAP context. This would lead to an incorrect orientation of the CCA terminus, reflected by the major contribution of V.
in the loss of specificity. At the present stage of our investigations, we cannot distinguish between the precise possible structural reasons of this effect. It could be due to faint differences in the conformation of the amino acid acceptor stems of tRNAAP and tRNAHis (notice however the high homology of these regions in both tRNAs), but more likely could arise from more global changes linked to differences in the tertiary interaction networks in both tRNAs. An [7] [8] [9] and is further illustrated here with the transplantation of histidine identity elements into yeast tRNAmP. Poor activities, corresponding phenomenologically to anti-cooperative effects, are due either to antidetenminants effects and/or to subtle conformational differences between the various tRNAs. Nature retained optimal structural scaffoldings during evolution to ensure optimal specificity of tRNA aminoacylation reactions.
This paper shows that the identity of tRNAHis in yeast is ensured essentially by a similar molecular strategy as in prokaryotes studied so far (E. coli), namely a role for residues -1 and 73. The major histidine identity element in yeast is residue G_1, whose effect is correlated with that of the discriminator residue 73. Anticodon-loop nucleotides are likely not involved in histidine identity. Interestingly, yeast HisRS recognizes residues G_I and A73 in particular substrates. We have shown previously that a minihelix corresponding to the aminoacyl acceptor arm of the tRNA-like domain of TYMV is efficiently charged with histidine (18) . Here we demonstrate that this aminoacylation specificity is directly linked to the presence of residues mimicking nucleotides G_1 and A73 from yeast tRNAHis, confirming the role of these nucleotides in histidine identity. Thus, HisRS recognizes its specific identity elements whether they are presented in a classical RNA helix or in a particular folding of an RNA chain as is the case in the TYMV derived minihelix where a pseudoknot occurs.
Because histidine identity in prokaryotes is dependent upon the presence of residue C73 whereas in eukaryotes it is dependent upon the presence of A73, it can be suggested that the discrimination between histidine specificity in both kingdoms is linked to the nature of the discriminator base. As far as minor histidine elements are concerned, it is interesting to notice that all the RNA substrates studied in this work contain the same basepairs at positions 2 71 and 3 70 as in E.coli tRNA where these pairs have been found as minor identity elements (14) .
It is worth mentioning that yeast HisRS histidylates also the tRNA-like structure of tobacco mosaic virus (16, 21) , that of the satelite of this virus (19) , as well as tat of brome mosaic virus and a-series of derived mini-substrates (20) . The common feature of these substrates and of those studied in this work is the presence of a nucleotide mimicking a -1 residue. The nature of this -1 residue is variable since all four nucleotides allow histidylation although at variable efficiencies. The outcome of these observations is that histidine identity primarily requires a structural information in its substrate, the presence of a residue at position -1. Because this residue is mimicked by an internal nucleotide in the pseudoknot containing substrate, it can be concluded that this residue has to be stacked on top of the accepting helix and likely that the tRNA does not undergo drastic conformational changes at this level during aminoacylation. The fact that HisRS belongs to class II synthetases (35) agrees with this view. Indeed, in the representative class II tRNA'JP/AspRS complex structure (36) , the tRNA maintains its initial conformation in the aminoacid accepting stem in contrast to what happens in a class I complex (37) 
